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Abstract

Pursuing the precise structural identification of functional two-dimensional (2D)
layered metal chalcogenides (LMCs) are key factors dominating the origins of the
unique electronic and ferroelectric properties. However, the complicated phase change
of InoSes and their high sensitivity towards the intrinsic defects still require the
advanced technology to identify the origins of the inhomogeneous charge distribution
induced in-plane and out-of-plane ferroelectricity. Herein, we have presented
comprehensive theoretical research to reveal the simulated scanning tunneling
microscope (STM) images as a toolbox for the experimental results to distinguish the
structural features. Moreover, the corresponding electron-phonon behaviors of a-In>Ses
with major intrinsic defects provide pivotal references to explain the unique in-plane
and out-of-plane electronic and ferroelectric properties in different applications, which
is crucial for optimizing the growth of ultrathin 2D LMCs materials for future electronic
devices.
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Introduction:

Following the developments of two-dimensional (2D) graphene with distinct properties,
tremendous progress has been achieved for the broad applications of 2D materials in
nanoscale electronics and optoelectronics [1-2]. To further compensate for the
applications of graphene in ultrathin 2D electronics, the layered metal chalcogenides
(LMC) contribute to a dominant group of the layered 2D structure with various
properties and applications [3-8]. The LMCs consists of the metal with the chalcogen
atom, which leads to over 40 different combinations [9]. These layered structures
usually demonstrate the strong covalent bonds with the weak intra-layer van der Waals
(vDW) interactions, endowing them with potential for future functional optoelectronic
devices [10-11]. Recently, the finding of the ferroelectricity in the ultrathin film
materials further increases the interest of scientists [12-14]. This offers an approach to
new materials with new functionalities, in which LMC systems is becoming one of the
focus [3, 15-19]. Meanwhile, the ferroelectric vdW material allows the nonvolatile
switching and manipulation of both electrical and optical properties such as
ferroelectric capacitors, ferroelectric tunnel junctions (FTJs), and ferroelectric field-
effect transistors (FeFETs) [20-21]. The ultrathin 2D materials still meet the challenge
of the loss of ferroelectricity, which is induced by several factors including the surface
energy effect, depolarizing electrostatic field and electron screening. Ghosez and
Junquera also confirmed that that the critical thickness challenge for ferroelectricity
instability in perovskite ultrathin films, which is induced by a depolarizing electrostatic
field from the dipoles at the ferroelectric-metal interfaces [22]. However, 2D LMCs
systems usually exhibit several typical advantages such as scalability, low defect
concentration, and perfect interface construction. 2D layered materials allow the self-
limiting assembly, leading to the possible synthesis of varied scale size. The self-
terminated atomic bonds within the 2D LMCs systems result in the superior capability
of anti-oxidation with limited surface states.

Indium selenide (In,Se3) has become one of the most attractive LMC materials due to
its flexible phases with broad applications in phase-change memory, lithium batteries,
optoelectronic and even photovoltaic devices [23-26]. The different phases are In2Ses
depending on the synthesis approach and temperature control [27-29]. For both a and
B phases, each layer possesses five covalently bonded monatomic sheets. Presently, a-
InySes are particularly attractive in the atomically thin film research due to the flexible
phase modulations and unique electronic behaviors. Wang et al. have reported the
coexistence of out-of-plane and in-plane piezoelectricity in the monolayer to bulk o-
In;Ses, which breaks the limitation of piezoelectric polarization in ultrathin 2D LMCs
with only the in-plane direction of odd-number layers [30]. The ferroelectricity within
InySes further promotes the focus of much research, requiring the careful identification
of the lattice structure through the advanced technologies. Tao ef al. have demonstrated
the observation of reversible phase change of 2D In,Ses by thermal excitation [31].
From the theoretical perspective, Ding et al. predicted the potential ferroelectricity in
both in-plane and out-of-plane directions of In»Ses [32]. Although the ferroelectricity
in the ultra-thin 2D materials has been predicted, the related experimental works in the



ultra-thin layer InpSes are very limited. Lai and co-workers firstly confirm the out-of-
plane ferroelectricity by experiments [33]. Meanwhile, Zheng et al. have identified the
in-plane ferroelectricity, which is strongly tied to the formation of one-dimensional
superstructures in 3’-In2Ses [34]. Later, Li ef al. have reported the interplay between the
in-plane and out-of-plane ferroelectricity of the ultra-thin a-In2Ses [35]. Previous
reported works mostly focus on the out-of-plane ferroelectricity since the facile break
of symmetry by the asymmetric position of the Se along the c-axis. However, all these
works still focus on the several layered a-In,Ses rather than the single-layer a-InzSes,
which is more sensitive to the polarization induced by the local defects.

The LMCs systems usually yield high responsivity to external excitation or
environmental change due to large surface-to-volume ratio and the quantum
confinement effects, which have been confirmed in a-In,Ses as well [24, 36]. However,
the synthesis of the monolayer or few layers of a-In2Ses has been a challenge, which is
only recently actualized by the exfoliation method or vapor deposition method [37-38].
It has been noted that a-InoSe; demonstrates the thickness dependence of the electronic
structure regarding the bandgap shift, which indicates the promising potential for
realizing the flexible wavelength photo-detection [39]. Compared to the intense
attention of the synthesis and characterization of a-In2Ses, a full picture of the interplay
between defect and structural lattice is still lacking. The atomic scale insights into
structure instability and defects supplied crucial references for future optimization of
material properties [40-41]. In general, the experimental groups usually depend on the
indirect support by transmission electron microscopy (TEM) or scanning tunneling
microscopy (STM), in which the mistaken identification of defects are possible. Thus,
the strong reliance on the STM image contrast of the atomic lattice and the weak
difference between the chalcogen and metal sublattices has resulted in a non-consistent
interpretation of the defect [42]. To overcome such a challenge, the demonstration of
the influence of defect in charge couplings is highly required as the reference toolbox
for the experimental scientists (Figure 1). Therefore, in this work, we have presented a
comprehensive theoretical simulation of the defect-correlated STM images to reveal
the self-activated charge coupling within the mono-layered o-In2Ses;. Beyond the
typical limited horizon supplied by the STM results, we utilize the density functional
theory to illustrate both in-plane and out-of-plane charge disturbance within the
defective structure. For the first time, our work has supplied a complete theoretical
study of the charge distribution dominated by the major intrinsic defects regarding the
simulated STM results and electronic structures, which significantly contributes as a
guideline for future experimental scientists to understand the lattice structure and
properties from an in-depth perspective.

Results and Discussion

Due to the synthesis challenge, the precise corresponding structural identification or the
atomic arrangements are mostly concentrated on the bulk structures rather than the
mono or few-layered a-In,Ses, which further limits the understanding of the origins of
ferroelectricity and other unique properties. The phonon related lattice vibration is able



to causes unique property alternation, which has rarely been discussed in LMC
materials before. To connect our theoretical work with the experimental
characterizations in a more comprehensive approach, we apply the mono-layered o-
In;Ses as our initial model to study the fundamental electronic structure and phonon
dispersion (Figure 2a). Especially for the atomic-level thin film, the layer dependence
induced the charge disturbance, which inevitably leads to the abnormal phonon
dispersion shift, representing the distinct electronic behaviors. With the three-fold
symmetry, the top Se and bottom Se positions overlap from the top view (Figure 2b).
However, their valence charge densities are not correspondingly matched. Instead, we
observe the shifting of charge density, indicating the inequivalent charge distribution
within the lattice. To further look into the electronic structure, we also demonstrate the
valence charge density distribution from the side view (Figure 2¢-2d). Notably, the
evident difference of the charge density features is noted, in which the top Se atom layer
and the bottom Se atom layer display the s-like orbitals and the p-m orbitals, respectively.
This further confirms the non-equivalent charge density in the mono-layered a-In2Ses,
which supplied insightful information for the origins of ferroelectricity or
piezoelectricity. To reveal the distinct lattice vibration in detail, we calculate the phonon
dispersion of both mono-layered and multi-layered a-In>Ses (Figure 2e). The optical
branch and the acoustic branch have a scale of around 150 cm™! and 100 cm™,
respectively. Notably, there are kinks in both optical branches and acoustic branches
near the highly symmetric gamma point. For the kinks in the optical branches, the scales
of in mono-layered and multi-layered a-InzSe; are similar (Figure 2f). However, the
kink in the mono-layered has shifted towards the smaller wavevector at a lower
frequency. In contrast, the kinks in the acoustic branches of both mono-layered and
multi-layered o-In,Ses locate at a close frequency with a similar scale. The same
direction of kink shifting is also observed (Figure 2g). These unique phonon dispersion
behaviors indicate the existence of Kohn anomalies in the ultra-thin o-In2Ses, which
potentially induces the ferroelectric properties by the disturbed electron-phonon
coupling [43]. In addition, by plotting the temperature dependence of frequency, a
series of minor kinks from 25 K to 450 K including a dominant kink at 175 K can be
clearly observed, indicating the sensitivity of lattice vibration to the temperature
(Figure 2h). This correlates to the reversible phase change under thermal environment
control [31]. Further analysis based on the first-order and second-order derivate of the
temperature dependence of frequency also proved the high-temperature sensitivity
(Figure 2i-2j). In particular, the strong kinks at 25 K and 320 K supports the existence
of electron-phonon coupling behaviors in the mono-layered pristine a-InzSes, which
correlates to the room-temperature ferroelectricity of ultrathin a-InzSes. The phonon
dispersions not only show the potential Kohn anomalies induced discontinuity in the
structure but also the layer-dependent phonon shifting. These strong electron-phonon
couplings endow mono-layered a-In>Ses potential of unique electronic structures [44].

Besides the fundamental lattice vibration, the detailed structural identification is also
essential. Previous works have confirmed the increased instability of structure in the
low dimensional materials, which leads to the pivotal role of defects in affecting the



electronic behaviors [22, 44]. However, the detailed characterization of defects in
InoSes is still very limited owing the synthesis difficulties and characterization
challenges. Thus, we simulate the STM results of pristine a-InSe; with the structural
difference to illustrate the charge couplings behaviors in mono-layered a-InzSes.
Notably, the pristine mono-layered a-InSe; structure has shown the absence of any
contrast region, which is consistent with the feature of perfect lattice structure with even
charge distribution (Figure 3a-3d). As part of the lattice structure shifts downwards,
the structural change is immediately revealed by the simulated STM results. In different
bias voltage, the downshifting feature unit is clearly noted. The evident triangle region
with weak contrast directly corresponds to the three surface Se atoms at a lower level
due to the downshifting. Meanwhile, the upshifting structure of a-In>Ses displays the
converse contrast of the simulated STM results. The upshifted Se triangle unit and
centered In are reflected by the strong contrast region under the bias voltage of 2.0 V
(Figure 3e). For simulated STM results under both 0.5 and -3.0 V bias voltage, the
strong contrast triangle is still obvious to verify the upshifted lattice feature (Figure 3f-
3g). The simulated STM results through deeper scanning are shown in Figure S1. These
results indicate the significance of the theoretical calculations in revealing the
microscopic structural changes.

How to accurately locate and identify the defects from structural characterizations is a
remaining challenge, which requires the assistance of high-precision theoretical
calculations. Firstly, the STM simulation in a-InpSesz with the Se-vacancy (Vse) has
been performed under original, upshifting and downshifting situations with the bias
voltage 2.0 V, 0.5 V and -3.0 V, respectively (Figure 4a). For the original Vse model,
the simulated STM images show a similar contrast at 2.0 V and 0.5 V bias voltages
(Figure 4b-4c). Especially at 0.5 V bias voltage, the Vs, site forms an evident triangle
area, indicating the electron fluctuation (Figure 4d). In comparison, the upshifting
defective models show more contrast in the vacancy area (Figure 4e). For 2.0 V bias
voltage, three levels of contrast are seen near the upshifting area, confirming the convex
structure (Figure 4f-4g). This result is consistent with previous research on the anion
vacancy in another LMC material Bi;Se; [45]. However, under negative bias voltage,
the detection of Vs cannot be reflected by the STM results obtained by the deeper
scanning tip distance, in which the contrast induced by the defect is neglectable (Figure
S2). The contrast becomes much stronger when the bias voltage reduces to 0.5 V. The
simulated STM image at -3.0 V bias voltage displays opposite contrast with the STM
image at 2.0 V, which compensates as experimental characterization results (Figure 4h).
In addition, the parallel line pattern along the three-fold symmetry directions,
representing the long-range p-p directional coupling between atoms. Meanwhile, the
simulated STM image of the downshifting defective model also reveals evident
structural features by the electron fluctuation contrast, especially obvious for the
downshifting structure under 2.0 V bias voltage (Figure 4i-4j). At 0.5 bias voltage,
three levels of contrast within the well-ordered alignment of surrounding atoms are
shown, supporting the gradual change of charge difference (Figure 4Kk). As the bias
voltage reduces to -3.0 V, the contrast becomes lower that only two different levels of



contrast are observed (Figure 4l). At the deeper scanning distance, Vs sites are
observed in different bias voltages with lower contrast (Figure S2).

Besides the most common anion vacancy defects, the critical cation In-vacancy (Vi) is
studied through the simulated STM image for the first time to compare the induced
structural difference (Figure 5a). The defect inevitably perturbs the electronic states
predominantly along the In-Se ppo chains, resulting in the three spots at surface atoms
terminating the chains. Thus, the center joining the three spots is the lateral position of
the defect. Under 2.0 V, the simulated STM image shows an evident contrast surround
the Vi, site (Figure Sb). When the bias voltage decreases to 0.5 V, the contrast of Vi,
site forms a bright triangle region [46]. Three different levels of contrasts are noticed
near Vi, site. Meanwhile, we also observe the well-ordered atom arrangements in the
low contrast area (Figure Sc¢). When the bias voltage changes to -3.0 V, the simulated
STM image displays a converse contrast with the result under 2.0 V, following the same
atomic arrangements (Figure 5d). For scanning tip contacting the mid-layer of InzSes,
a similar contrast near Vi, is confirmed (Figure S3). In contrast, the downshifting
defective model exhibits the distinct simulated STM image patterns from the previous
two models (Figure Se). At 2.0 V bias voltage, the absence of contrast near Vi, site is
noticed. As the bias voltage becomes 0.5 V, the contrast appears as bright points in the
large defective region (Figure 5f-5g). The simulated STM image under -3.0 V bias
voltage is compensated with the pattern under positive bias voltage (Figure Sh). The
strong contrast of the downshift area and the well-aligned stripes throughout the surface
are observed. The STM images of -3.0 V with the deeper scanning distance also support
that the converse results with the previous models under the bias voltage of 2.0 V and
0.5 V (Figure S3). We further modify the lattice structure based on defective In,Ses
with Vi, by upshifting the nearest Se atoms along the z-axis (Figure 5i). At the bias
voltage of 2.0 V, the evident contrast is observed at the Vi, site. However, the triangle
feature of the vacancy becomes weaker (Figure Sj). The evident p-p orbital couplings
of surface Se atoms are noted near the Vi, model at 0.5 V bias voltage (Figure 5Kk).
Moreover, the simulated STM image shows strong contrast at the -3.0 V, in which the
Vi site is reflected by the blue triangle area as shown in Figure 51. The STM images
with a deeper tip scanning distance result in a similar pattern under different bias
voltages (Figure S3).

Besides the commonly discussed vacancies defects in the lattice, the studies of other
intrinsic defects in mono-layered a-In,Ses; including vacancy cluster, adatom and
antisite are also highly desired to supply a comprehensive map as references for the
experimental results. More importantly, such simulated STM image mapping of the
detailed defective structures is demonstrated. For simulated STM image of InoSes with
three Vse defect clusters (3Vse) on the surface, we notice the contrast between bright
background with dark triangle area at the bias voltage of 2.0 V (Figure 6a). As the bias
voltage reduces to 0.5 V, the contrast becomes stronger, in which the 3Vs. induced
tringle bright part is clearly shown, indicating the strong charge coupling near the defect
region. Moreover, several gradually changed levels of contrast in -3.0 V within the



triangle area further confirm the existence 3Vsc on the surface during scanning. On the
contrary, the defective model with surface Seaq clearly demonstrates the top Se atoms
on the surface (Figure 6b). Compared to the model with 3Vs. on the surface, we notice
a smaller contrast region also concentrated near the adatom. Distinctly, the simulated
STM image of Inaq reveals the triangle region including the top In-adatom and the
coupling with the three neighboring Se atoms. We notice the contrast levels at the bias
voltage of 0.5 V. Meanwhile, the contrast in 2.0 bias voltage and -3.0 bias voltage are
completely opposite (Figure 6¢). The anti-site defect is another common defect, in
which the anion and cation atoms switch their positions during the synthesis approach
or external excitation such as lattice vibration (Figure 6d). For the anti-site defect on
the surface of a-In>Ses, the strong contrast area shows the uneven charge distribution
near the defect, which is induced by the switch between Se and In atoms. More
importantly, the formation of the evident contrast line and region indicates the potential
possibility of the phase change, supporting the previous experimental reports [46]. The
simulated results of In adatom defect and anti-site defect match the experimental results
of surface defects in another LMC material BioTes with similar lattice structure [41].
Besides the consideration of the sublayer Vs, the simulated STM images affected by
the surface Vs, are also demonstrated (Figure 6e). At 0.5 V bias voltage, the simulated
STM image shows an evident contrast within the hexagonal region. Under -2.0 V and
2.0 V, the simulated STM image shows a compensated pattern. In the end, we also
reproduce the possible surface distortion structure, which originates from the surface
vacancies induced surface instability (Figure 6f).

To further reflect the induced influence on the electronic structure by different defects,
we demonstrate the projected partial density of states (PDOSs) of all the possible
defective structures. As the range of the threshold in scanning tunneling spectroscopy
(STS), we apply a similar concept to compare the defective structures regarding the gap
between the dominant peak in the conduction band (CB) and valence band (VB),
respectively. For all the structures, we notice the dominant role of p-orbitals, especially
for the VB. Meanwhile, the s-orbitals only contribute to the CB. Since the long-range
and short-range competition is achieved by the p-p orbital couplings, we only focus on
the p-orbitals in defective structures. In the pristine structure, we notice the threshold
locating near Ev-0.5 eV (Ev=0¢V), displaying a gap of 3.50 eV for the electron transfer
(Figure 7a). With the formation of 3Vse on the surface, the gap between the dominant
peaks of both CB and VB has reduced to 3.30 eV, in which the Fermi level (Er) has
shifted towards the middle of the gap (Figure 7b). The gap between the dominant peaks
of' both CB and VB further decreases to 3.05 eV, with Er still pins near the valence band
maximum (VBM) (Figure 7c¢). The PDOS of anti-site defects and Se adatom defects
exhibit highly similar PDOS results, in which the Er is pinned in the middle of the gap
with a size of 3.10 eV (Figure 7d-7e). The position of Er slightly shifts towards the CB
with 0.1 eV increases in the gap between the dominant peaks of both CB and VB
(Figure 7f). Similar to the defective structure with 3Vse, the existence of surface Vse
induces a smaller gap of 3.20 eV, which demonstrates the dominant peaks of VB and
CB at Ev-1.7 eV and Ev+1.5 eV, respectively (Figure 7g). For the vacancies in the



sublayers, their PDOSs are similar to the pristine InoSe; with an alleviated gap between
the thresholds in both CB and VB (Figure 7h and 7i). With these comprehensive
mapping of the electronic structures of defective In,Ses, future experiments are able to
identify the potential structure information based on insightful guidelines in this work.

After the detailed discussion of the defective structure characterizations of mono-layer
InySes, the formation of defects in the few-layers In2Ses is also considered from the
energetic perspectives. Taking the 3Vs. as an example, the formation on the surfaces is
significantly preferable than in the sublayers (Figure 8a). As the layer thickness
increases, the formation energy of surface 3Vs. remains similar while that of the
sublayer 3Vs. doubled from two layers to four layers. The bandgap changes are also
illustrated (Figure 8b). As the layer increases, the defective In2Ses; with surface 3Vse
shows the same trend of bandgap variation with the pristine In>Ses;. However, the
sublayer 3Vsc induces an opposite trend. In addition, the upshifting of the In»Ses surface
is noted under 2.0 V applied voltage, displaying a distance up to 0.6 nm induced by the
surface vacancies (Figure 8c). Then, the total density of states (TDOS) is also shown
to demonstrate the electronic structure difference induced by the layer changes. For the
few-layered pristine In>Ses, the gap between the thresholds gradually decreases as the
layer increases (Figure 8d). Moreover, the overall gap scale between CB and VB
significantly shrinks when compared to the monolayer. Notably, the formation of
surface 3Vse modulates the electronic structures in terms of the band positions,
especially to the thickness over 2 layers (Figure 8e), indicating the importance of
surface 3Vse to the electronic behaviors of ultra-thin In;Ses films. The formation of
surface 3 Vs, substantially enlarges the gap size between CB and VB. On the other hand,
the sublayer 3Vs. also shows a similar effect on the gap scale between CB and VB
(Figure 8f). Nevertheless, the TDOSs of defective In,Ses with sublayer 3Vse still shows
similar results with the pristine In,Ses, demonstrating the limited modulation by the
sublayer defects. For all the models, the shifting of PDOS the multilayer In>Se; is more
evident as the layer thickness increases, which indicates the potential deviation of the
symmetry center and the change of electronic structure. Notably, the existence of
defects has significantly enlarged the PDOS shifting, indicating the perturbation of
charge distribution of the structure, which further leads to the ferroelectricity of the
atomic-layer In,Ses. Compared with the phonon dispersion (Figure 2), the similar
shifting induced by the layer increases is also observed, which supports the change of
the charge distribution. Besides the vacancy, the layer-dependence of the lattice
dynamics illustrates a promising approach for the control and modulation of
ferroelectricity or piezoelectricity in the ultra-thin 2D LMC materials.

Conclusion

In summary, this work has presented a full picture of major intrinsic defects in both the
mono- and few-layered a-In,Ses to demonstrate the general mechanism of the defects
activated charge coupling behaviors. By detailed analysis of the simulated STM images
and phonon behaviors under different defects, this work supplies the insightful structure
clues of the nanoscale charge distribution fluctuations, explaining the unique electronic



behaviors in mono-layered a-In2Ses. Furthermore, we confirm the high possibility of
surface defects in the few-layered o-InoSe; rather than sub-layered defects. The
modulations of the electronic properties by different intrinsic defects regarding the
charge couplings and bandgap have been revealed, which is of significance in the
precise identification and modulation of the ultra-thin LMC based ferroelectric
materials, shedding new light for the synthesis of other relevant functional materials for
broad applications.
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Figure 1. The illustration of major intrinsic defects identification and induced charge
couplings in 2D layered metal chalcogenides.
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Figure 2. The electronic structure and phonon dispersion of In2Ses. (a) The top view
of mono-layered a-InzSes. (b) The valence charge density distribution from the top view.
Blue isosurfaces represent the valence charge density of the top surface Se atom layer.
Green isosurfaces represent the valence charge density of the bottom Se atom layer. (¢)
The side view of mono-layered a-In2Ses. (d) The valence charge density distribution
from the side view. Blue isosurfaces represent the valence charge density of the top
surface Se atom layer. (e) The phonon dispersion of mono-layered and multi-layered o-
In>Ses. (f) The enlarged display of the kink in the optical branches of the phonon
dispersion. (g) The enlarged display of the kink in the acoustic branches of the phonon
dispersion. (h) The dependence of frequency at Gamma point on temperature from 25
K- 450 K. (i) The first-order derivative of frequency on temperature from 25 K to 450
K. (j) The second-order derivative of frequency on temperature from 25 K to 450 K.
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Figure 3. The STM images of the upshifting and downshifting structure of mono-
layered o-In2Ses. (a) The structure of mono-layered a-InpSes. The STM image of
mono-layered a-In2Ses under a bias voltage of (b) 2.0 V (¢) 0.5 V and (d) -3.0 V. (e)
The structure of mono-layered downshifting a-In,Ses. The purple balls and blue balls
represent the shifting region. Purple ball = Se and blue ball = In. STM image of mono-
layered downshifting a-In,Ses under bias voltage of (f) 2.0 V (g) 0.5 V and (h) -3.0 V.
(i) The structure of mono-layered upshifting a-In>Ses. The STM image of mono-layered
a-InoSes under bias voltage of (j) 2.0 V (k) 0.5 Vand (I) -3.0 V.
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Figure 4. The STM images of the upshifting and downshifting structure of mono-
layered a-In:Ses with sublayer Se-vacancy. (a) The structure of mono-layered a-
In>Ses with sublayer Se-vacancy. The purple balls and blue balls represent the defective
region. Purple ball = Se and blue ball = In. The red dash circle is the Se-vacancy. The
STM image of mono-layered a-In>Ses with sublayer Se-vacancy under a bias voltage
of (b) 2.0 V (¢) 0.5 V and (d) -3.0 V. (e) The structure of mono-layered downshifting
a-InoSes with sublayer Se-vacancy. The STM image of mono-layered downshifting a-
In,Ses with sublayer Se-vacancy under a bias voltage of (f) 2.0 V (g) 0.5 V and (h) -3.0
V. (i) The structure of mono-layered upshifting a-In,Se; with sublayer Se-vacancy. The
STM image of mono-layered a-In>Ses with sublayer Se-vacancy under a bias voltage
of (j) 2.0 V (k) 0.5 Vand (1) -3.0 V.
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Figure 5. The STM images of the upshifting and downshifting structure of mono-
layered o-In2Ses with sublayer In-vacancy. (a) The structure of mono-layered a-
InySes with sublayer In-vacancy. The purple balls and blue balls represent the defective
region. Purple ball = Se and blue ball = In. The red dash circle is the In-vacancy. The
STM image of mono-layered a-In>Se; with sublayer In-vacancy under a bias voltage of
(b) 2.0 V (¢) 0.5 V and (d) -3.0 V. (e) The structure of mono-layered downshifting o-
In>Ses with sublayer In-vacancy. The STM image of mono-layered downshifting o-
In>Ses with sublayer In-vacancy under a bias voltage of (f) 2.0 V (g) 0.5 V and (h) -3.p
V. (i) The structure of mono-layered upshifting a-In,Ses with sublayer Se-vacancy. The

STM image of mono-layered a-In>Ses; with sublayer In-vacancy under a bias voltage of
20V (k) 0.5Vand () -3.0V.
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Figure 6. The STM images of mono-layered o-In2Se; with different intrinsic
defects. (a) The structure of mono-layered a-In2Ses with surface 3 Se-vacancy cluster
under bias voltage of 2.0 V, 0.5 V and -3.0 V. (b) The structure of mono-layered a-
InySes with surface Se ad-atom under bias voltage of 2.0 V, 0.5 V and -3.0 V. (¢) The
structure of mono-layered a-In2Ses; with surface In ad-atom under bias voltage of 2.0 V,
0.5 V and -3.0 V. (d) The structure of mono-layered a-In,Ses with surface Se-vacancy
cluster under bias voltage of 2.0 V, 0.5 V and -3.0 V. (e) The structure of mono-layered
a-In2Ses with anti-site defect under bias voltage of 2.0 V, 0.5 V and -3.0 V. (f) The
structure of mono-layered a-InoSes with surface reconstruction under bias voltage of
20V,0.5V,and -3.0 V.
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Figure 7. The PDOS of mono-layered a-In2Ses with different intrinsic defects. (a)
Pristine. (b) With 3Vs. on the surface. (¢) With 3V (d) With antisite defect. (e¢) With
Se adatom. (f) With In adatom. (g) With surface Vs.. (h) With sub-surface Vse. (i) With
sub-surface Vin.
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Figure 8. The energetic and electronic investigation of few-layered a-In2Ses. (a)
The formation energies of surface 3Vs. and sub-surface 3Vse. (b) The bandgap changes
in surface 3Vs. and sub-surface 3Vse. (¢) The upshifting distance comparison for
pristine and defective a-InpSes under a bias voltage of 2.0 V. (d) The TDOS of few-
layered a-In>Ses. (¢) The TDOS of few-layered a-InoSes with surface 3Vse. (f) The
TDOS of few-layered a-In2Ses; with sub-surface 3Vse.
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